To understand the nitrogen (N) cycle in sediments with deep oxygen penetration, we measured pore-water profiles to calculate N fluxes and rates at 13 locations in Lake Superior in water depths ranging from 26 to 318 m. Sediments with high oxygen demand, such as in nearshore or high-sedimentation areas, contribute disproportionally to benthic N removal, despite covering only a small portion of the lake floor. These sediments are nitrate sinks (average 0.16 mmol m 22 d 21 ) and have denitrification rates (average 0.76 mmol m 22 d 21 ) that are comparable to those in coastal marine sediments. The deeply oxygenated (4 to . 12 cm) offshore sediments are nitrate sources (average 0.26 mmol m 22 d 21 ) and generate N 2 at lower rates (average 0.10 mmol m 22 d 21 ). Ammonium is nitrified with high efficiency (90%), and nitrification supports . 50% of denitrification nearshore and , 100% offshore. Oxygen consumption by nitrification accounts for 12% of the total sediment oxygen uptake. About 2% of nitrate reduction is coupled to oxidation of iron, a rarely detected pathway. Our Lake Superior N budget indicates significant contributions from sediment-water exchanges and N 2 production and is closer to balance than previous budgets. Our results reveal that sediment N cycling in large freshwater lakes is similar to that in marine systems. They further suggest that denitrification rates in slowly accumulating, welloxygenated sediments cannot be described by the same relationship with total oxygen uptake as in highsedimentation areas; hence, global models should treat abyssal ocean sediments differently than coastal and shelf sediments.
Transformations of nitrogen in aquatic sediments are an important part of the global nitrogen (N) cycle. Sediments actively exchange the reactive nitrogen-nitrate and ammonium-with the water column and contribute to its recycling and removal, accounting for 50-70% of the denitrification in the global ocean (Codispoti et al. 2001) . Denitrification (reductive conversion of nitrate to dinitrogen) and nitrification (oxidation of ammonium to nitrate) are the most commonly considered reactions in the sediment nitrogen cycle, though anammox (anaerobic oxidation of ammonium to N 2 with NO { 2 as the electron donor) is increasingly recognized as a significant pathway of nitrogen removal in marine sediments (Dalsgaard et al. 2005) . As the reaction rates (Laursen and Seitzinger 2002) and sediment-water exchange fluxes of nitrogen in marine sediments are highly variable (Devol and Christensen 1993) , for the purposes of the phenomenological descriptions and global N-cycle modeling sediments are often categorized based on water depth and environment, as follows: estuaries, bays, shelf and coastal oceans, deeper continental margins, and deep oceans (Middelburg et al. 1996; Fennel et al. 2009; Glud et al. 2009 ). To link the N transformation rates to commonly measured quantities, the rates of nitrification and denitrification have been correlated to sediment oxygen consumption, sedimentation rates, and water depth (Middelburg et al. 1996; Seitzinger et al. 2006) . Whereas in marine environments such relationships have been described relatively well, nitrogen cycling in large freshwater lakes has received less attention. Lake Superior, the world's largest lake by surface area, provides an opportunity to investigate the nitrogen cycle in a freshwater end member system that in many respects is similar to marine systems. Characterized by relatively low organic carbon (C) content (3-5 wt%; Li et al. 2012; Kistner 2013 ) and slow accumulation rates, the offshore sediments of Lake Superior exhibit an exceptionally deep penetration of oxygen (2 to . 16 cm in water depths between 120 and 300 m; Li et al. 2012) , typical of oceanic hemipelagic sediments in 2000-3000 m water depth (Glud 2008) . The organic carbon mineralization rates and carbon burial efficiencies in these sediments are similar to those in the deep ocean (Li et al. 2012) . The nitrogen dynamics in Lake Superior have been enigmatic (Sterner et al. 2007) , as over the last century the lake has experienced an unusual increase in water column nitrate concentrations, leading to an extreme N : P ratio of 10,000 (Guildford and Hecky 2000) . The nitrate accumulation has been suggested to result at least partly from the ammonium oxidation in the lake (Finlay et al. 2007) , and tentative links to the sediment N cycling have been suggested (Finlay et al. 2013; . The sediment's role in the nitrogen cycling in Lake Superior is poorly quantified (Sterner et al. 2007; Li 2011; Small et al. 2013) , with scarce geographical coverage and little information available on the rates of critical geochemical pathways, such as nitrification and denitrification. The sediments in Lake Superior exhibit strong temporal and spatial variability, with oxygen penetration varying seasonally by as much as 2 cm (Li et al. 2012) , especially at locations with deep oxygen penetration, and with lateral heterogeneity on scales from tens to hundreds of meters (Li et al. 2012 ). This variability complicates comparisons among different sediment cores and necessitates a large number of samplings to obtain representative averages.
In this article, we report the results from a multi-year, multi-season investigation of the sediment nitrogen cycle in Lake Superior. We estimate the nitrate and ammonium fluxes across the sediment-water interface (SWI), calculate the rates of sediment nitrification and denitrification, and discuss the controls on the sedimentary nitrogen cycling in areas of both high and low sedimentation nearshore and offshore. We quantify the sediment contributions to the reactive N recycling in Lake Superior and present an updated geochemical budget for the lake. We further analyze our results to infer the trends in nitrogen cycling across sediments with different sedimentation rates and redox conditions and compare our results to the phenomenological relationships suggested previously for the marine environments.
Methods
Sediment sampling and analyses-Sediments and overlying waters were sampled across Lake Superior on multiple cruises aboard the R/V Blue Heron in 2009-2012 ( Fig. 1 ; Table 1) using the procedures described in Li et al. (2012) . Briefly, 94 mm internal-diameter sediment cores with undisturbed SWIs were recovered using an Ocean Instruments multi-corer and stored at the in situ temperature of 4uC. Samples of bottom water were collected 2-5 m above the sediment surface using a Rosette Niskin-type sampler. Dissolved oxygen concentrations in sediment pore waters were determined onboard in subsampled thermostated cores, as described previously in Li et al. (2012) , using a Unisense (Clark-type) microelectrode. Separate sediment cores from the same multicorer casts were sectioned onboard into 50 mL Falcon tubes in a glove bag under a N 2 atmosphere. Pore waters were immediately extracted from these samples in the N 2 -filled glove bag using Rhizon porous polymer microsamplers (0.1 mm membrane pore size; Dickens et al. 2007 ). The pore-water samples for nitrate and ammonium analyses were frozen at 218uC until they were measured, and samples for the dissolved Fe(II) analyses were acidified with hydrochloric acid (1% of 6 mol L 21 HCl) immediately after collection and stored at 4uC. Dissolved nitrate concentrations were measured in pore-water and bottom-water samples using the colorimetric method (Grasshoff et al. 1999 ) on a Lachat Quickchem 8000 flow injection auto-analyzer. Ammonium concentrations were determined by orthophthaldialdehyde (OPA) fluorometry (Holmes et al. 1999) . Dissolved Fe(II) concentrations were determined spectrophotometrically with Ferrozine (Viollier et al. 2000) . The organic carbon content was measured in freeze-dried sediment by coulometry, as described in Li et al. (2012) , on a CM150 total carbon, total organic carbon, total inorganic carbon analyzer. Sediment porosity was determined from measured water content, as described in Li et al. (2012) .
Calculations of fluxes and rates-In addition to the diffusive and total oxygen fluxes described in Li et al. (2012) , the molecular diffusion fluxes (F i ) of nitrate, ammonium, and dissolved Fe 2+ were calculated using Fick's law of diffusion:
where x is depth below the SWI, C i is solute concentration (mol per pore-water volume), Q is porosity, and D s 5 D/(1 2 Q 2 ) is the appropriate molecular diffusion coefficient corrected for sediment tortuosity (Boudreau 1997 (Boudreau 1997) . Porosity was determined as a function of depth within the sediment, as described in Li et al. (2012) . Where concentration gradients near the SWI were poorly resolved, the diffusive fluxes (Table 1) are smaller than the size of the symbol.
across the interface were calculated using the measured porewater concentrations below the interface, the measured bulk bottom-water concentrations, and a boundary layer thickness of 1 cm (based on the 0.05 cm resolution oxygen profiles; Li 2011; Li et al. 2012) . For oxygen fluxes, the contributions from processes other than molecular diffusion, such as bioirrigation (Meile et al. 2005; Glud 2008) , were estimated by Li et al. (2012) at 30-50% of the total sediment oxygen uptake. Assuming, for lack of information, a similar effect on the fluxes of other solutes, the total effluxes of NO { 3 and NH z 4 may be up to 50% higher than the calculated diffusive fluxes. Bioturbation in Lake Superior is limited to the upper 2 cm of sediment (Li et al. 2012) ; thus, no contributions from benthic fauna are expected below this depth.
The geochemical reaction rates within the sediment were estimated from the measured vertical concentration profiles using a diagenetic reaction-diffusion equation (Boudreau 1997) . At steady state (and neglecting solute advection and bioirrigation), the reaction rates are related to the diffusive transport as
where R j are the rates of individual reactions that affect the concentration of solute C i (Table 2 ). Using the reaction stoichiometries in Table 2 , the rate equations for porewater nitrate and ammonium, NO { 3 and NH z 4 , can be written as
and
Here, R nitrif. , R ammonif. , R denitrif. , and R anammox are the rates of nitrification, nitrate ammonification (dissimilatory nitrate reduction to ammonium), denitrification, and anammox, respectively, as defined in Table 2 . R NH z 4 prod:
is the rate of ammonium production from organic nitrogen during the organic matter mineralization ( Table 2) . The rates of nitrification (Table 2) can be obtained in the oxic sediment zone from Eq. 3 by considering that the rates of ammonification, denitrification, and anammox (R ammonif. , R denitrif. , and R anammox ) are negligible at high O 2 concentrations (. 6 mmol L 21 ; Seitzinger 1988; Dalsgaard et al. 2005) :
The exceptionally deep oxygenation of sediments in Lake Superior (Li et al. 2012 ) thus allows the calculation of nitrification rates (R nitrif. ) from nitrate concentration profiles (Eq. 5). In surface sediment, where bioirrigation may be important, Eq. 5 should be properly written as
where C 0 and C burr are, respectively, the concentrations of nitrate above the sediment surface and within the bioirrigated burrows, and a irr is the bioirrigation coefficient (Katsev et al. 2007 ). For a typical concentration gradient for nitrate in Lake Superior (C 0 2 C burr , 0, see below), Eq. 5 yields the minimum nitrification rates, and the actual rates could be higher. The area-specific (integrated over the sediment depth) nitrification rates (mmol m 22 d 21 ) can be calculated by integrating Eq. 5 from the SWI (x 5 0) into the bottom of the nitrification zone L:
Here, R Ã nitrif: is the depth-integrated nitrification rate, and F NO The pore-water nitrate can be removed through denitrification, anammox, or the dissimilatory nitrate reduction (DNR) to ammonium (ammonification; Table 2 ; Hulth et al. 2005) . The net rate of nitrate consumption,
, by all three of these pathways can be described at steady state, and neglecting bioirrigation (Eq. 2), as
where
is the vertical flux of nitrate. By integrating Eq. 8 from L, the upper boundary of the zone of net nitrate reduction, to L ' , the depth at which the nitrate gradients vanish, the depth-integrated rates of net nitrate consumption (R Ã NO { 3 cons: ) can be expressed as
Þ is the diffusive flux at L (i.e., the maximum downward flux; see below for details).
The rates of reactive nitrogen removal to N 2 by denitrification and anammox (Table 2) can be calculated by neglecting nitrification in anoxic sediment. Denitrification is typically the dominant pathway of nitrogen removal in freshwater (Hulth et al. 2005 ), but anammox was recently also found to be significant (Schubert et al. 2006; Zhu et al. 2013) , including in Lake Superior (S. A. Crowe unpubl.), so anammox cannot be a priori neglected. By rearranging Eqs. 3 and 4, we obtain
Here, R NH z 4
prod: is the rate of ammonium production from organic nitrogen during organic matter mineralization. To calculate the area-specific rates of nitrogen removal, we integrate Eq. 10 from SWI (x 5 0) to some maximum depth L ' at which the concentrations of NO { 3 and NH z 4 no longer vary with depth and at which their diffusive fluxes are negligible. The total nitrogen removal rate (Eq. 11) then can be calculated as a difference between the total ammonium production within the sediment and the NO { 3 and NH z 4 fluxes out (negative) of the sediment: The listed half-reaction may be coupled with the oxidation of organic C, reduced Fe, or sulfur (S) (Hulth et al. 2005 ).
The last term in Eq. 11 describes the production of ammonium from organic N, based on the C mineralization rate, R Ã C (Li et al. 2012 ) and the C : N ratio of 12 : 1 in Lake Superior (Heinen and McManus 2004; Sterner et al. 2008) . In N-rich Lake Superior, the variation in the C : N ratio with depth in the sediment does not exhibit a clear pattern (Ostrom et al. 1998) .
Results
Oxygen penetration at sites with high vs. low sedimentation-In contrast to the previously investigated (Li et al. 2012 ) open-water locations in which oxygen penetrated deeply into the sediments (4 to . 12 cm, Fig. 2 Li et al. [2012] and Kistner [2013] ) were shallower, from 0.5 to 3 cm (Figs. 1, 2) . These sediments are characterized by higher oxygen uptake rates (Tables 3  and 4 ), though not necessarily by higher organic carbon contents on a wt% basis (Kistner 2013) . In addition to the bay and nearshore areas, such sediments can be found in the high-sedimentation areas (Li 2011) in the deep water, sometimes at significant distances from shores (Table 1 ; Fig. 1 ). In analogy to marine systems, where coastal sediments typically have higher sedimentation rates and greater oxygen uptakes than do pelagic sediments, we will refer to such sediments as ''nearshore,'' for convenience, in contrast to the ''offshore'' sites with deep OPDs.
Pore-water nitrate, ammonium, and dissolved Fe(II)-The pore-water nitrate distributions (Fig. 3) at sites with deep OPDs exhibit peaks several millimeters below the sediment-water interface, a common feature in carbonpoor sediments (Coloway and Bender 1982; Burdige 2006) resulting from aerobic oxidation of ammonium (Middelburg et al. 1996) . The resultant increased concentrations in the surface sediments compared to the overlying waters indicate the diffusive fluxes of nitrate from sediments into the water column (Eq. 1). The nitrate concentrations below the peaks decrease into the anoxic sediment, indicating nitrate reduction (Table 2) . Nitrate is typically exhausted within several centimeters of the OPD (Fig. 3) (Fig. 3) . The nitrate concentrations at Sta. TB were negligible below the SWI (not shown), despite the 28.7 mmol L 21 concentration in the overlying water column. The concentrations of ammonium, which is produced during organic matter mineralization, increase with depth within the sediment at all stations (Fig. 4) . The ammonium concentration gradients at the SWI indicate effluxes into the water column. The nitrate and ammonium profiles (Figs. 3, 4) exhibit high variability among samplings, consistent with the heterogeneity of the sediments (Li et al. 2012) . Though this variability precluded the detection of seasonal trends, the large number of profiles ) across the sediment-water interface (positive into the sediment), the depth-integrated rates of nitrification (R Ã nitrif: ), the fraction of the total oxygen uptake (TOU; see Table 4 ) consumed by nitrification (R (Table 3 ). The concentrations of dissolved Fe 2+ (Fig. 5 ) increase with depth below the OPD, suggesting iron reduction in the anoxic sediment and Fe 2+ oxidation near the depth of oxygen penetration. In Lake Superior, prominent iron-and manganese-rich sediment layers that result from metal oxidation are often visible to the naked eye (optical images and scanning X-ray fluorescence profiles are presented in Li [2011] and Li et al. [2012] ). In cores in which nitrate penetrated significantly below the OPD, Fe 2+ appears in pore waters below the depth of nitrate penetration.
Nitrate and ammonium fluxes across the sedimentwater interface-Sediments at the sites with deep penetration of nitrate (. 3 cm; Fig. 3 (Table 3) . At Sta. NB, where nitrate was depleted within 1 cm of the sediment surface, the efflux was significantly lower, 0.076 mmol m 22 d 21 . At the enclosed-bay sites Sta. TB and BB, the diffusive fluxes were into the sediment, at 0.52 and 0.047 mmol m 22 d 21 , Table 4 . The rates of nitrogen removal to N 2 by denitrification and anammox (R Ã N removal ; Eq. 11). The stations with shallow oxygen penetration (termed ''nearshore'') are indicated by {. The measured total oxygen uptakes (TOU) are from Li et al. (2012) . For other locations (indicated by *), to account for bioirrigation, the total fluxes of NO Table 1 ) are for June, July 2010, April 2011, and July 2012.
respectively. The effluxes of ammonium were small at all stations (0.0087-0.081 mmol m 22 d 21 ; Table 3 ). Bioirrigation is expected to affect the nitrate and ammonium fluxes to a lesser degree than it does oxygen fluxes (30-50%; Li et al. 2012) , as the bioirrigation coefficients for nitrate and ammonium are lower (Meile et al. 2005 ) and the respective concentration gradients are weaker.
Nitrification rates-The calculated nitrification rates (Fig. 6 ) indicated active nitrification in the upper 4 cm of sediment. The rates peaked 0.5-1.5 cm below the sedimentwater interface independent of the oxygen penetration depth. The maximum rates varied between 0.02 and 0.15 mmol cm 23 d 21 (Fig. 6 ). The nitrification rates decreased below 2 cm and became negligible below 4 cm at all locations. The depth-integrated nitrification rates (Table 3) . The effect of bioirrigation on these integrated rates can be estimated by integrating the bioirrigation term in Eq. 6 over the bioturbated upper 2 cm of sediment. For a typical bioirrigation coefficient of a irr , 10 26 s 21 (Matisoff and Wang 1998) and the nitrate concentration gradient of C 0 2 C burr , 30 mmol L 21 (Fig. 3) , bioirrigation should increase the nitrification rate by less than 0.05 mmol m 22 d 21 , which is within the uncertainty (Table 3 ).
Nitrate reduction rates-Nitrate reduction (by denitrification, anammox, and dissimilatory nitrate reduction to ammonium; Fig. 7 ) typically occurred 2-5 cm below the sediment surface in the high-sedimentation regions and below 3-7 cm in the low-sedimentation regions, within several centimeters of the OPD. Figure 7 shows the calculated vertical fluxes of nitrate, F NO { 3 , and the net nitrate consumption rates { P R NO { 3 (Eq. 8) in two typical sediments. As the upper boundary of the nitrate reduction zone (L in Eq. 9) is below the bioturbation zone (Fig. 7) , the calculated nitrate reduction rates are essentially unaffected by bioturbation and bioirrigation. The depth-integrated rates of nitrate consumption (Eq. 9) range between 0.032 and 0.24 mmol m 22 d 21 (Table 3) N 2 production rates-The calculated rates of N 2 production by denitrification and anammox (Table 2; Eq. 11) are presented in Table 4 . At deeply oxygenated sites (Sta. EM, WM, CM, ED), the rates are small (, 0.05 mmol m 22 d 21 ). For example, at these rates, denitrification would account for less than 5% of the total organic carbon mineralization. In contrast, at the high-sedimentation sites with shallower OPDs (Sta. TB, BB, NB), the rates of the reactive nitrogen removal to N 2 (Eq. 11) are an order of magnitude higher (. 0.5 mmol m 22 d 21 ; Table 4 ). Denitrification at these rates would account for 12-31% of the total carbon mineralization. The calculated rates of N 2 production in Table 4 are only weakly sensitive to bioirrigation: based on Eq. 11, a conservatively estimated 100% uncertainty in the total fluxes of NO { 3 , NH z 4 , and O 2 translates into a 30% uncertainty in the depth-integrated rates.
Discussion
The reactions in the sediment nitrogen cycle are tightly coupled (Table 2) . Organic matter mineralization mobilizes organic N as ammonium, which subsequently can be oxidized to either nitrate (nitrification) or N 2 (anammox). The produced nitrate is used in denitrification to oxidize organic carbon and is reduced in the process to N 2 (Hulth et al. 2005) . The pore-water nitrate and ammonium may be exchanged with the water column, thus recycling the reactive nitrogen into the ecosystem, whereas the unmineralized fraction of organic nitrogen may be buried into the deep sediment. Below we analyze these processes in more detail, identify the trends in their rates, and use them to compile geochemical budgets.
Nitrification-Nitrification is a major biogeochemical pathway that transforms ammonium to nitrate. In addition to the calculation method based on our Eq. 7, the gross rate of ammonium production can be estimated from the total sediment oxygen uptake (, 6.7 Table 3 ). These in situ rates are about an order of magnitude lower than the potential rates ) determined in sediment slurries amended with ammonium (1.5-6.5 mmol m 22 d 21 nearshore and 38 mmol m 22 d 21 offshore; Stark 2009). The mismatch suggests that in the well-oxygenated sediments of Lake Superior nitrification is limited by the availability of ammonium (Rysgaard et al. 1994) ; thus, the potential rates may greatly exceed the in situ rates.
The efficiency of ammonium oxidation is high: a ratio of the ammonium efflux to ammonium production yields 1 2 (0.045/0.48) 5 90%. Despite this, in Lake Superior, nitrification accounts for only 9-16% (average 12%) of the total sediment oxygen uptake (Table 3) , which is a noticeably smaller fraction than in marine sediments: 35% in the coastal regions (Seitzinger et al. 1984) , 21% on the continental shelf (Laursen and Seitzinger 2002) , and 21-45% on the continental slope and abyssal plains (Christensen and Rowe 1984). The reason seems to be the higher C : N ratio in the organic material in Lake Superior (11 to 13; Heinen and McManus 2004; Sterner et al. 2008) . For the organic matter oxidation stoichiometry above, a complete oxidation of the produced ammonium should consume 2 3 1/(12 + 2) 5 14% of the total O 2 flux (which matches our result), as opposed to 23% for the Redfield ratio of 6.6.
Nitrate reduction and N 2 production-Sediment nitrate can be removed through denitrification, anammox, or DNR to ammonium (ammonification; Table 2 ; Hulth et al. 2005) . Ammonification recycles nitrate to ammonium, whereas denitrification and anammox remove the reactive nitrogen from the system by converting it to N 2 . The calculated nitrate reduction rates (Table 3) indicate that in Lake Superior these processes remove between 9% and 100% of the nitrate produced by nitrification. The rest escapes the sediment in the form of nitrate effluxes, which are significantly higher in the deeply oxygenated offshore sediments (Table 3) , where they remove between 44% and 91% of the produced nitrate. Accordingly, the efficiency of nitrate removal is lower at the sites with deep OPDs (e.g., 8.8% at Sta. KW and 32% at Sta. FWM and EM) and higher at sites with shallower OPDs (45% at Sta. IR, 76% at Sta. NB, and 100% at Sta. BB). Similarly, the overall rates of N 2 production by denitrification and anammox are higher in sediments characterized by high sedimentation and shallow oxygen penetrations, such as the nearshore sites Sta. BB, NB, TB, and IR (0.26-1.4, average 0.76 mmol m 22 d 21 ; Table 4), than in sediments at the low-sedimentation offshore sites (0.029-0.25, average 0.10 mmol m 22 d 21 ). These calculated rates of N 2 production are similar to the ones reported in Lake reaches maximum separates the zones of net nitrate production (above) and consumption (below).
Superior by Small et al. (2013) . At high-sedimentation sites, the nitrate for denitrification (and anammox) is supplied by both nitrification (average about 50%; Tables 3, 4) and the nitrate fluxes (50%) from the water column (average 0.16 mmol m 22 d 21 ). At the low-sedimentation offshore sites, nitrification in the oxic sediment layer is the only source of nitrate for the deeper anoxic sediment and thus an important control on the rates of reactive nitrogen removal. This parallels the situation in marine sediments (Seitzinger 1988) , where nitrification supports between 60% and 100% of the total denitrification in the continental shelf sediments (Devol et al. 1997; Laursen and Seitzinger 2002) .
Nitrate reduction coupled to iron oxidation-Studies have suggested that nitrate reduction may be coupled to the oxidation of reduced Fe (Straub and Buchholz-Cleven 1996; Benz et al. 1998) : in pelagic marine sediments, ferrous iron (Fe 2+ ) often appears in pore water only below the depth of nitrate penetration (Burdige 1993) . At several of our sites, the depth of iron oxidation coincided with the penetration depth of nitrate (NPD) rather than of oxygen. At Sta. EM, CM, and SW, nitrate penetrated 3 cm deeper than oxygen, and Fe 2+ appeared only below the depth of nitrate penetration (Figs. 5, 7 ). This suggests that in Lake Superior nitrate reduction is at least partially coupled to Fe 2+ oxidation. The depth-integrated iron oxidation rates can be estimated from the Fe 2+ fluxes immediately below the oxidation depth (L9):
At sites where the OPD and NPD are clearly separated (Sta. EM, CM, SW), the calculated rates and the reaction stoichiometry 1=8R Fe 2z oxidation~RNO { 3 (Table 2) suggest that the DNR coupled to iron oxidation accounts for , 2.2% of the total nitrate consumption (Table 3) . At the locations where the OPD, NPD, and the depth of iron oxidation overlap (Fig. 7) , the reduced iron is likely oxidized predominantly by O 2 , as oxygen is a more favorable electron acceptor.
Sediment contributions to the nitrogen budget in Lake Superior-The nitrogen budget in Lake Superior has recently attracted attention (Finlay et al. 2007; Sterner et al. 2007; Small et al. 2013) , as it appeared imbalanced (Sterner et al. 2007 ; Li 2011), with inputs of nitrogen exceeding outputs. Previous studies quantified the total nitrogen inputs into the lake with the direct precipitation, tributary inflows, and outflows (Sterner et al. 2007 ), but sediment contributions remained unclear (Li 2011) . Some of the sediment fluxes were quantified in the coastal regions of the lake, and denitrification rates were estimated (at 0-0.04 mmol m 22 d 21 ) near the Keweenaw Peninsula (Carlton et al. 1989 ), but few measurements existed for the offshore regions (Heinen and McManus 2004; Stark 2009 ). Although recent efforts ) provided more information, the contributions to the lake-wide nitrogen budget from processes such as sediment denitrification and anammox, permanent burial of organic nitrogen, and nitrogen exchanges in the potential hotspots of denitrification, such as enclosed bays, remain insufficiently quantified. Table 5 shows the updated Lake Superior nitrogen budget, which includes our results for the sediment-water exchanges, sedimentary removal of reactive nitrogen to N 2 , and burial of organic nitrogen. The results reveal that, as is the case in the global ocean, where coastal sediments contribute disproportionately to N cycling and removal (Dalsgaard et al. 2005) , the N cycle in Lake Superior needs to be considered separately for the areas of high and low sedimentation. Figure 8 compares the deeply oxygenated sediments in low-sedimentation regions, typically offshore, to the typical sediments with shallow OPDs. The disparity in the N 2 production rates indicates that the offshore-type sediments, while covering most of the lake floor (90% as an estimate, actual numbers are unknown), may account for a disproportionally small fraction (46%) of the total benthic nitrogen removal to N 2 . In contrast, the nearshore-type sediments, while representing 10% of the lake floor area, may account for 54% of the nitrogen removal. For comparison, in the Global Ocean the continental margin sediments in , 150 m water depth, while accounting for less than 20% of the ocean floor area, contribute 50% to the benthic N 2 production (Dalsgaard et al. 2005 ). Small et al. [2013] ). In marine sediments, DON fluxes are typically small, less than 5% of the fluxes of inorganic nitrogen (NO 3 and NH z 4 ; Devol and Christensen 1993; Burdige and Zheng 1998) . Using the DON flux estimates in Lake Superior (Stark 2009; Small et al. 2013) , we calculate that the fluxes of inorganic nitrogen (nitrate and ammonium) from the sediments account for 24% to 61% of the total nitrogen inputs into the water column of Lake Superior (Table 5) .
The burial of organic nitrogen into the deep offshore sediments is estimated at 0.054 mmol N m 22 d 21 , based on the organic carbon burial rate of 0.7 mmol m 22 d 21 (Li et al. 2012 ) and a 12 C : 1 N stoichiometry (Stark 2009 ). The burial rate in the nearshore sediments is only slightly higher: 0.078 mmol N m 22 d 21 . (This estimate is based on a typical organic carbon content of , 1 wt% [Kistner 2013 ] and a sedimentation rate of 0.06-0.18 g cm 22 yr 21 [Kemp et al. 1978; Evans et al. 1981; Li 2011] , which gives the organic carbon burial rate of 0.51-1.52 mmol m 22 d 21 .) This yields the average lake-wide burial of nitrogen of , 0.056 mmol m 22 d 21 . This is comparable to the loss of nitrogen from the lake with the outflow (0.078 mmol m 22 d 21 ) and corresponds to 33% of the estimated combined inputs of total nitrogen from the atmosphere and watershed (the nitrogen fixation rate is not known; Sterner et al. 2007 ). The Table 5 . The nitrogen budget in Lake Superior. Contributions from this work are in italic; all others are from Sterner et al. (2007) . All fluxes and rates are area-specific (mmol m 22 d 21 ); the surface area of Lake Superior is 82,100 km 2 . Positive fluxes are into the sediment. sediment contributions to the total nitrogen budget in Lake Superior are thus significant and need to be considered. For the water column of the lake, the total nitrogen losses (0.57 mmol m 22 d 21 ) exceed the total nitrogen inputs (0.44 mmol m 22 d 21 ; Table 5 ). The difference of 0.13 mmol m 22 d 21 may be attributable to the uncertainties in the budget numbers; unquantified contributions, such as from nitrogen fixation and DON fluxes; and the existence of non-depositional areas (Kemp et al. 1978) . The nitrogen budget for the sediment column appears to be nearly balanced ( Fig. 8 ; Table 5 ): the present-day net flux of N across the SWI matches the long-term burial flux. The sediments of Lake Superior, being sources of inorganic nitrogen to the water column, are therefore sinks for total nitrogen: they remove nitrogen as N 2 and bury the nonreactive organic N. These two nitrogen sinks account for 73% of the total nitrogen removal in the lake. The total nitrogen losses (0.31 mmol m 22 d 21 ) for the entire lake (Table 5 ) exceed the total nitrogen inputs (0.17 mmol m 22 d 21 ). This budget is closer to balance than the previous one (Sterner et al. 2007) , in which inputs outweighed losses even without the contribution from nitrogen fixation.
Implications for marine sediments-In marine environments, the sediment nitrogen cycle is often discussed based on water depth, with coastal and abyssal sediments as end members (Middelburg et al. 1996) . In water depths similar to those in Lake Superior (0-200 m), marine sediments are typically nitrate sinks, by which nitrate moves from the water column into the sediment (Fig. 9) . In Lake Superior this is the case only for the locations with relatively high sedimentation rates, typically nearshore locations. The rates of nitrogen removal in these sediments are comparable to those in coastal marine environments (Fig. 9) , with denitrification accounting for 10-20% of the organic carbon mineralization ( Fig. 9 ; Table 4 ). The offshore sediments in Lake Superior, however, are more analogous to the oceanic hemipelagic and pelagic sediments than to coastal sediments. Where oxygen penetrates deeply (3 to . 15 cm) and sedimentation rates are low (, 0.01 g cm 22 yr 21 ; Fig. 9. (A, B) Fluxes of nitrate and ammonium across the SWI, (C) sediment denitrification rates, and (D) percent of deposited organic carbon mineralized by denitrification, organized by water depth. The data are from Lake Superior (this study), Lake Baikal (Maerki et al. 2006) , Lake Michigan (Thomsen et al. 2004 ), Lake Zug (Maerki et al. 2009 ), and marine sediments (Devol and Christensen 1993; Middelburg et al. 1996; Burdige 2006; Glud et al. 2009 ). BW O 2 , bottom water O 2 . . Denitrification rates vs. sediment oxygen uptake. The data are from Lakes Superior (this study), Baikal (Maerki et al. 2006) , and Michigan (Thomsen et al. 2004 ) and marine sediments (Canfield et al. 1993; Laursen and Seitzinger 2002; Hietanen and Kuparinen 2008; Glud et al. 2009 ). The lines are the linear model of Laursen and Seitzinger (2002; dashed) , the fit to the data from coastal and shelf marine sediments, large lakes (see Fig. 10 caption) , and the Lake Superior nearshore sediments in this study (solid black) and the fit to the Lake Superior offshore sediments with deep OPDs (solid gray). Fig. 12. A diagram illustrating the effect of oxygen penetration on denitrification rates. The vertical concentration profiles of oxygen, nitrate, and ammonium were generated, for illustration purposes, using the diagenetic model LSSE-Mega (Katsev et al. 2007 ). (A) Conditions typical for the Lake Superior offshore sediments: burial velocity of 0.2 mm yr 21 (at 20 cm depth, after compaction); oxygen and nitrate concentrations at the SWI of 350 and 28 mmol L 21 , respectively. (B) Same, but the burial velocity is 2 mm yr 21 . (C) Same as (A), but oxygen concentration at the SWI is 175 mmol L 21 . The depth-integrated denitrification rates, R * denitrif. , are in mmol m 22 d 21 (compare to Fig. 11 ). The total sediment oxygen uptake (TOU) is the same in all cases, about 4 mmol m 22 d 21 . Li et al. 2012) , the nitrate effluxes and removal rates (Table 3 ) are similar to those in the marine sediments in 500-2000 m of water. Denitrification accounts for only , 5% of the organic carbon mineralization (Fig. 9) . The effluxes of ammonium in Lake Superior are lower than in marine sediments in similar water depths (Fig. 9 ) but comparable to those in the deeply oxygenated carbon-poor sediments of the deep ocean (. 3000 m). This suggests that the categorization of sediments based on oxygen penetration (or sedimentation rate, which is a correlated quantity; Li et al. 2012) , is more appropriate than the one based on water depth. The importance of oxygen penetration can be seen in other lakes as well: for example, the welloxygenated sediments in Lake Michigan (OPD . 2 cm; Thomsen et al. 2004) are nitrate sources to the water column and have lower denitrification rates than the shallowly oxygenated sediments in Lake Zug (OPD , 0.2 cm; Maerki et al. 2009 ) that are nitrate sinks (Fig. 9) . Figure 10 shows the negative correlation between the OPD and the rates of nitrogen removal for the sediments of Lakes Superior, Michigan, and Baikal and in the deep continental margins (, 1,500 m). The rates of nitrogen removal decrease with oxygen penetration, as longer oxygen exposure times leave less reactive carbon for denitrification.
The total oxygen uptake (TOU), a common measure of organic carbon sedimentation (Glud 2008) , was previously found to correlate linearly with the denitrification rates in the continental slope and shelf sediments ( 5 0.116 3 TOU (r 5 0.80; Seitzinger and Giblin 1996) and R Ã denitrif: 5 0.105 3 TOU (r 5 0.76; Laursen and Seitzinger 2002) . The linear relationship is reasonable when denitrification is limited by the supply of nitrate, as nitrification both consumes oxygen and supplies nitrate for denitrification (Laursen and Seitzinger 2002) . However, in carbonpoor sediments, our results suggest that the relationship may be stronger than linear (Fig. 11) . In addition to being dependent on the supply of nitrate, the denitrification rate is regulated by the amount and reactivity of organic carbon that reaches the denitrification zone. Whereas the carbon amount is reflected in the TOU, the depth of the denitrification zone is linked to the depth of oxygen penetration (Fig. 12) , which in deeply oxygenated sediments depends on the rate of carbon sedimentation nonlinearly (Katsev et al. 2006) . The combined effect of these factors results in a stronger-than-linear relationship between the TOU and the denitrification rates (Fig. 11) . Whereas the nearshore sediments in Lake Superior conform to the same relationship as marine coastal sediments (Fig. 11) , the deeply oxygenated sediments are characterized by significantly lower denitrification rates (Fig. 11) . Our results (Figs. 11, 12) indicate that the TOU cannot be uniquely correlated to the rates of sediment denitrification. Sediments characterized by the same oxygen uptake (i.e., receiving effectively the same sedimentation flux of organic carbon) may exhibit radically different denitrification rates, depending on the depth of oxygen penetration, which is deeper in slowly accumulating sediments (Fig. 12) . This suggests that the deeply oxygenated abyssal sediments in the ocean may not conform to the same relationships as coastal and continental shelf sediments and need to be treated differently in geochemical models that address the global nitrogen cycle. For the freshwater nitrogen cycle, our results suggest that large oligotrophic lakes generally conform to the trends observed in marine systems, so models from marine environments may be transferable to lakes.
